REMARKS 
Amendments 

Claims 1-33 have been canceled, claims 34 and 41 have been amended, and claims 43-48 
have been added. Upon entry of the amendment, claims 34-37 and 41-48 will be pending. 
Support for the added claims can be found in the specification, for example, on page 8, lines IS- 
IS; Figure 2B; and in the claims as originally filed. 

The foregoing amendments are made solely to expedite prosecution of the application 
and are not intended to limit the scope of the invention. Further, the amendments to the claims 
are made without prejudice to the pending or now canceled claims or to any subject matter 
pursued in a related application. The Applicant reserves the right to prosecute any canceled 
subject matter at a later time or in a later filed divisional, continuation, or continuation-in-part 
application. 

Rejections 

Rejections under 35 U.S.C. § 101/112 paragraph 

The Examiner has rejected claims 34-36, 41 and 42 because the claimed invention is 
allegedly not supported by either a specific or substantial asserted utility or a well-established 
utility. 

Applicant respectfiilly traverses the rejection. Amended claim 1 is drawn to a transgenic 
mouse whose genome comprises a null endogenous anaphylatoxin C3a receptor allele, where the 
allele comprises SEQ ID N0:1; the null allele comprises exogenous DNA; and the exogenous DNA 
comprises a gene encoding a visible marker. According to 35 U.S.C. § 101, "[wjhoever invents . , 
. any new and useful . . . composition of matter may obtain a patent therefore. ..." 

Under the Patent Office's Utility Requirement Guidelines: 

If at any time during the examination, it becomes readily apparent that the 
claimed invention has a well-established utility, do not impose a rejection based 
on lack of utiUty. An invention has a well-established utility if (i) a person of 
ordinary skill in the art would inmaediatelv appreciate why the invention is useflil 
based on the characteristics of the invention (e.g., properties or applications of a 
product or process), and (ii) the utility is specific, substantial, and credible. 
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If the applicant has asserted that the claimed invention is useful for any particular 
practical purpose (i.e., it has a "specific and substantial utility") and the assertion 
would be considered credible by a person of ordinary skill in the art , do not 
impose a rejection based on lack of utility . 

(emphasis added)(MPEP § 2107, II (A)(3); II (B)(1)). Thus, according to Patent Office 
guidelines, a rejection for lack of utiUty may not be imposed where an invention has a well- 
established utility or is useful for any particular practical purpose. The present invention 
satisfies either standard. 

The present invention has a well-established utility since a person of ordinary skill in the 
art "would immediately appreciate why" knockout mice are useful. As a general principle, any 
knockout mouse has the inherent and well-established utility of defining the function and role of 
the disrupted target gene, regardless of whether the inventor has described any specific 
pheno types, characterizations or properties of the knockout mouse. The sequencing of the 
human genome has produced countless genes whose function has yet to be determined. 
According to the National Institute of Health, knockout mice represent a critical tool in studying 
gene function: 

Over the past century, the mouse has developed into the premier mammalian 
model system for genetic research . Scientists from a wide range of biomedical 
fields have gravitated to the mouse because of its close genetic and physiological 
similarities to humans, as well as the ease with which its genome can be 
manipulated and analyzed. 



In recent decades, researchers have utilized an array of innovative genetic 
technologies to produce custom-made mouse models for a wide array of specific 
diseases, as well as to study the function of targeted genes . One of the most 
important advances has been the ability to create transgenic mice, in which a new 
gene is inserted into the animal's germline. Even more powerful approaches, 
dependent on homologous recombination, have permitted the development of 
tools to "knock out" genes, which involves replacing existing genes with altered 
versions ; or to "knock in" genes, which involves altering a mouse gene in its 
natural location. To preserve these extremely valuable strains of mice and to 
assist in the propagation of strains with poor reproduction, researchers have taken 
advantage of state-of-the-art reproductive technologies, including 
cryopreservation of embryos, in vitro fertilization and ovary transplantation. 
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(http://www.genome.gov/pfvxfm?pageid=10005834 ) (emphasis added). Thus, the 
knockout mouse has been accepted by the NIH as the premier model for determining gene 
function, a utility that is specific, substantial and credible. 

Knockout mice are so well accepted as tools for determining gene function that the 

director of the NIH Chemical Genomics Center of the National Human Genome Research 

Listitute (among others, including Capecchi, Bradley, Joyner, Nagy and Skames) has proposed 

creating knockout mice for all mouse genes: 

Now that the human and mouse genome sequences are known, attention has turned 
to elucidating gene function and identifying gene products that might have therapeutic 
value. The laboratory mouse (Mus musculus) has had a prominent role in the study of 
human disease mechanisms throughout the rich. 100-year history of classical mouse 
genetics , exemplified by the lessons learned fi-om naturally occurring mutants such as 
agouti, reeler and obese. The large-scale production and analysis of induced genetic 
mutations in worms, flies, zebrafish and mice have greatly accelerated the understanding 
of gene function in these organisms. Among the model organisms, the mouse offers 
particular advantages for the study of human biology and disease: (i) the mouse is a 
mammal and its development, body plan, physiology, behavior and diseases have much 
in common with those of humans; (ii) almost all (99%) mouse genes have homo logs in 
humans: and (iii) the mouse genome supports targeted mutagenesis in specific genes by 
homologous recombination in embryonic stem (ES) cells, allowing genes to be altered 
efficiently and precisely . 



A coordinated project to systematically knock out all mouse genes is likely to be of 
enormous benefit to the research community, given the demonstrated power of knockout 
mice to elucidate gene function , the frequency of unpredicted phenotypes in knockout 
mice, the potential economies of scale in an organized and carefully planned project, and 
the high cost and lack of availability of knockout mice being made in current efforts. 

(Austin et al.. Nature Genetics (2004) 36(9):921-24, 921)(emphasis added)(copy 
attached). 

With respect to amended claims drawn to transgenic mice having a null allele, the 
following comments fi"om Austin are relevant: 
Null-reporter alleles should be created 

The project should generate alleles that are as uniform as possible, to allow efficient 
production and comparison of mouse phenotypes. The alleles should achieve a balance 
of utility, flexibility, throughput and cost. A null allele is an indispensable starting point 
for studying the function of every gene . Inserting a reporter gene (e.g., P-galactosidase 
or green fluorescent protein) allows a rapid assessment of which cell types normally 
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support the expression of that gene. 



(p. 922)(emphasis added). 

According to the Molecular Biology of the Cell (Albert, 4^^ ed., Garland Science (2002)), 

one of the leading textbooks in the field of molecular biology: 

Extensive collaborative efforts are underway to generate comprehensive libraries of 
mutation in several model organisms including ... the mouse. The ultimate goal in each 
case is to produce a collection of mutant strains in which every gene in the organism has 
either been systematically deleted, or altered such that it can be conditionally disrupted. 
Collections of this type will provide an invaluable tool for investigating gene function on 
a genomic scale. 

(p. 543)(emphasis added). 

According to Genes VII (Lewin, Oxford University Press (2000)), another well respected 

textbook in the field of genetics: 

The converse of the introduction of new genes is the ability to disrupt specific 
endogenous genes. Additional DNA can be introduced within a gene to prevent its 
expression and to generate a null allele. Breeding from an animal with a null allele can 
generate a homozygous "knockouf , which has no active copy of the gene. This is a 
powerful method to investigate directly the importance and function of the gene . 

(p. 508)(emphasis added). 

Research tools such as knockout mice are clearly patentable, as noted by the Patent 

Office: 

Some confusion can result when one attempts to label certain types of inventions 
as not being capable of having a specific and substantial utility based on the 
setting in which the invention is to be used . One example is inventions to be used 
in a research or laboratory setting. Many research tools such as gas 
chromato graphs, screening assays, and nucleotide sequencing techniques have a 
clear, specific and unquestionable utility (e.g., they are useful in analyzing 
compounds) . An assessment that focuses on whether an invention is useful only 
in a research setting thus does not address whether the invention is in fact "useful" 
in a patent sense. Instead, Office personnel must distinguish between inventions 
that have a specifically identified substantial utility and inventions whose asserted 
utility requires further research to identify or reasonably confirm. Labels such as 
"research tool," "intermediate" or "for research purposes" are not helpful in 
determining if an applicant has identified a specific and substantial utility for the 
invention. 



7 



(MPEP § 2107.01, 1). As with gas chromatographs, screening assays and nucleotide 
sequencing techniques, knockout mice have a clear, specific and unquestionable utiHty (e.g., they 
are useful in analyzing gene function). 

In addition, commercial use and acceptance is an important indication that the utility of 
an invention has been recognized by one of skill in the art ("A patent system must be related to 
the world of commerce rather than to the realm of philosophy." Brenner v Manson, 383 U.S. 
519, 148 U.S.P.Q. 689, 696 (1966)). Commercial use of the knockout mice produced by 
Assignee Deltagen has been clearly established. At least four (4) large pharmaceutical 
companies have ordered the presently claimed transgenic mouse. This commercial acceptance 
more than satisfies the practical utiHty requirement of section 101 as it cannot be reasonably 
argued that a claimed invention which is actually being commercially used has no use (see, for 
example, Phillips Petroleum Co. v. U.S. Steel Corp., 673 F. Supp. 1278, 6 U.S.P.Q.2d 1065, 
1104 (D. Del. 1987), affd, 865 F.2d 1247, 9 U.S.P.Q.2d 1461 (Fed. Cir. 1980)C'lack of practical 
utility cannot co-exist with infringement and commercial success); (Lipscomb's Walker on 
Patents, §5:17, p. 562 (1984)("Utility may be evidenced by sales and commercial demand.") 

Applicant submits that since one of ordinary skill in the art would immediately recognize 
the utility of a knockout mouse in studying gene function, a utihty which is specific, substantial 
and credible, the invention has a well-established utility, thus satisfying the utility requirement of 
section 101. On this basis alone, withdrawal of the rejection with respect to the present invention 
is warranted, and respectfully requested. 

In addition, the claimed invention is useful for a particular purpose. The claimed mice 
exhibit reduced thymus weight, reduced thymus size, reduced thymus to body weight ratio, 
increased susceptibility to seizure and/or a stimulus processing deficit. One of skill in the art 
would recognize that these mice are useful for studying the association of the anaphylatoxin C3a 
receptor gene with any one of these phenotypes. 

The Examiner argues that there is no evidence that the anaphylatoxin C3a receptor gene 
or the cited phenotypes are associated with any disease. The Examiner's arguments are similar 
to arguments made by the Patent Office with respect to pharmaceutical compounds the utility of 
which were based on murine model data, arguments which were dismissed by the Federal Circuit 
in In re Brana (34 U.S.P.Q.2d 1436)(Fed. Cir. 1995). The case involved compounds that were 
disclosed to be effective as anti-tumor agents and had demonstrated activity against murine 
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lymphocytic leukemias implanted in mice. The court ruled that the PTO had improperly 
rejected, for lack of utility, claims for pharmaceutical compounds used in cancer treatment in 
humans, since neither the nature of invention nor evidence proferred by the PTO would cause 
one of ordinary skill in art to reasonably doubt the asserted utility. 

The first basis for the Board's holding of lack of utility (the Board adopted the 
examiner's reasoning without any additional independent analysis) was that the specification 
failed to describe any specific disease against which the claimed compounds were useful, and 
therefore, absent undue experimentation, one of ordinary skill in the art was precluded from 
using the invention. (In re Brana at 1439-40). The Federal Circuit reasoned that the leukemia 
cell lines were originally derived from lymphocytic leukemias in mice and therefore represented 
actual specific lymphocytic tumors. The court concluded that the mouse tumor models 
represented a specific disease against which the claimed compounds were alleged to be effective. 
{In re Brana at 1440). 

The Board's second basis was that even if the specification did allege a specific use, the 
applicants failed to prove that the claimed compounds were usefiil. 

The Federal Circuit responded: "[A] specification disclosure which contains a teaching of 
the manner and process of making and using the invention in terms which correspond in scope to 
those used in describing and defining the subject matter sought to be patented must be taken as in 
compliance with the enabling requirement of the first paragraph of Section 112 imless there is 
reason to doubt the objective truth of the statements contained therein which must be relied on 
for enabling support." {Brana at 1441, citing In re Marzocchi, 439 F.2d 220, 223, 169 USPQ 
367, 369 (CCPA 1971)). From this it followed that the PTO has the initial burden of 
challenging a presumptively correct assertion of utiUty in the disclosure. Only after the PTO 
provides evidence showing that one of ordinary skill in the art would reasonably doubt the 
asserted utility does the burden shift to the applicant to provide rebuttal evidence sufficient to 
convince such a person of the invention's asserted utility. {Id.) 

The court held that the Patent Office had not met its burden. The references cited by the 
Board did not question the usefiilness of any compound as an antitumor agent or provide any 
other evidence to cause one of skill in the art to question the asserted utility of applicants' 
compounds. Rather, the references merely discussed the therapeutic predictive value of in vivo 
murine tests ~ relevant only if the applicants were required to prove the ultimate value in 
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humans of their asserted utility . The court did not find that the nature of the invention alone 
would cause one of skill in the art to reasonably doubt the asserted usefulness. The purpose of 
treating cancer with chemical compounds did not suggest an inherently unbelievable undertaking 
or involve implausible scientific principles . {Id) 

The Court concluded that one skilled in the art would be without basis to reasonably 
doubt the asserted utility on its face. The PTO had not satisfied its initial burden. Accordingly, 
the applicants should not have been required to substantiate their presumptively correct 
disclosure to avoid a rejection under the first paragraph of Section 112. {Id.) 

As in Brana, Applicant has asserted that the claimed invention is useful for a particular 
practical purpose, an assertion that would be considered credible by a person of ordinary skill in 
the art. As discussed above, the claimed mice have demonstrated specific phenotypes. The 
acceptance among those of skill in the art of knockout mice demonstrating such properties is 
clearly demonstrated. 

Definitive proof that the phenotypes observed in the null mouse would be the same as 
those observed in humans is not a prerequisite to satisfying the utility requirement. It is enough 
that knockout mice are recognized in the art as models for determining gene function. As noted 
by Austin et al.: 

Among the model organisms, the mouse offers particular advantages for the study of 
human biology and disease: (i) the mouse is a mammal, and its development, body plan, 
physiology, behavior and diseases have much in common with those of humans ; (ii) 
almost all (99%) mouse genes have homologs in humans ; and (iii) the mouse genome 
supports targeted mutagenesis in specific genes by homologous recombination in 
embryonic stem (ES) cells, allowing genes to be altered efficiently and precisely. 

(p. 921)(emphasis added). 

In addition, as pointed out by Doetschman, one clearly skilled in the art, {Laboratory 

Animal Science 49:137-143, 137 (1999)(copy attached), the phenotypes observed in mice 

correlate well to gene function: 

The conclusions will be that the knockout phenotypes do, in fact, provide accurate 
information concerning gene function . . . 

(emphasis added). 

Moreover, the tests used by Applicant to determine the asserted phenotypes are well 
recognized by those skilled in the art. In Brana, the claimed compound had demonstrated 
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activity against a murine tumor implanted in a mouse. Yet, the Federal Circuit found that utility 
had been demonstrated. Here, the invention relates to a disruption in a murine gene in a mouse. 
Like the tumor mouse model, the knockout mouse with a specific gene disrupted is a widely 
accepted model, the utility of which would be readily accepted in the art. It is submitted that one 
skilled in the art would be without basis to be reasonably doubt Applicant's asserted utility, and 
therefore the Examiner has not satisfied the initial burden. 

Li addition, the claimed transgenic mice are useful for studying gene expression. The 
mice within the scope of claim 43 contain a visible marker such as lacZ. Their use in studying 
gene expression is clearly recognized by those skilled in the art: 

Null-reporter alleles should be created 

The project should generate alleles that are as uniform as possible, to allow efficient 
production and comparison of mouse phenotypes. The alleles should achieve a balance 
of utility, flexibiUty, throughput and cost. A null allele is an indispensable starting point 
for studying the function of every gene. Inserting a reporter gene (e.g., P-galactosidase 
or green fluorescent protein) allows a rapid assessment of which cell types normally 
support the expression of that gene . 

(Austin et al., Nature Genetics (2004) 36(9):921-24, 922)(emphasis added)(copy 
attached). Applicant reminds Examiner that a claimed invention need only satisfy one of its 
stated objectives to satisfy the utility and enablement requirements. 

In summary. Applicant submits that the claimed transgenic mouse, regardless of any 
disclosed phenotypes, has inherent and well-estabUshed utiHty in the study of the function of the 
gene, and thus satisfies the utility requirement of section 101. Moreover, AppUcant believes that 
the transgenic mice are useful for studying anaphylatoxin C3a receptor gene function with 
respect to the cited phenotypes as well as studying gene expression; and are therefore useful for a 
specific practical piupose that would be readily understood by and considered credible by one of 
ordinary skill in the art. 

In light of the arguments set forth above, Applicant does not believe that the Examiner 
has properly established a prima facie showing that establishes that it is more likely than not that 
a person of ordinary skill in the art would not consider that any utility asserted by the Applicant 
would be specific and substantial. {In re Brana; MPEP § 2107). 

Withdrawal of the rejections is respectfully requested. 

Rejections under 35 U.S.C. § 112, paragraph 
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Claims 34-37, 41 and 42 have been rejected for lack of enablement, as the claimed 
invention allegedly lacks utility. As set forth above, it the AppUcant's position the claimed 
invention satisfies the utility requirement and therefore one skilled in the art would clearly know 
how to use the invention. Withdrawal of the rejections is respectfully requested. 

The claims have also been rejected for encompassing a heterozygous mouse which does 
not exhibit a phenotype. The Examiner argues that one skilled in the art would not know how to 
use such a mouse. 

Applicant disagrees. The claimed mice contain a visible marker and are therefore useful 
for gene expression analysis (see Example 2). The mice are also useful for breeding 
homozygous mice and are preferred by Deltagen's customers. Applicant submits that a claim to 
a novel composition of matter need not recite a property or phenotype in order to be patentable, 
hi addition, a claimed invention need only satisfy one stated goal or objective to satisfy the 
utility and enablement requirements. The claimed invention has several, including determining 
gene function, studying specific phenotypes, studying gene expression profiles and breeding 
homozygous mice. 

Withdrawal of the rejection is respectfully requested. 

In view of the above amendments and remarks. Applicant respectfully requests a Notice 
of Allowance. If the Examiner believes a telephone conference would advance the prosecution 
of this application, the Examiner is invited to telephone the undersigned at the below-listed 
telephone number. 

The Commissioner is hereby authorized to charge any deficiency or credit any 
overpayment to Deposit Account No. 13-2725. 

Respectfully submitted, 




Date 



PATENT TRADEMARK OFFICE 



26619 



John E. Burke, Reg. No. 35,836 
Merchant & Gould P.C. 
P.O. Box 2903 

MinneapoHs, MN 55402-0903 
(303) 357-1637 
(303) 357-1671 (fax) 
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The Knockout Mouse Project 



Mouse knocl(Out technology $>royfcles a powerful means of elucidating gene function in vivo, and a publicly available 
genome-wide collection of mou^ knockcHJts would be significantly enabling for biomedical discov^. To date, published 
knockouts exist for cmly about 10% of mouse genes. Fi^emiore, many of these are limited in utility because they have 
not been made or phenotyped in standardized wa^, and many are not freely available to researchers. It Is time to harness 
new technologies and efficiencies of production to mount a high-throughput international effort to produce and 
phenot]^ knod(outs for all moi^ genes, and place these resources mto the public domain. 



Now thatt the huma:) and mouse genome 
sequences are known attention has turned 
to etuckl^Kting gjcne function and idenufying 
gnie products tliat ntight have thaapcullc 
valiw. The laJwatory motwe (Mus mmculus) 
ha* had a prominenr ral< in the *twdy of 
human dbtJtie medianiwns throughout the 
rich, I QO-year history of cii^sica] mouse genet- 
ics, exemplified by the ics$on$ learned from 
naturally occurring mutants such as agoutiS 
rcder* and obcse^. The large-^cafc prodiicrinn 
and analysis at induced ^etic mutatiom in 
vt>x>rrns, flies, zebrailsh and mice have greatly 
accelerated understanding of gene function 
tn these organisms. Among the model organ- 
isms, the mouie offers pairlJcular advantages 
for the jtitdy of human biology and disease: (i) 
the mouse is a mamnial. and its devi»t«pment, 
body plan, physiology, behavior and diseases 
ha\'e much in common with Hio$e of humans; 
(ii) almost all (99%) mouse genes have 
honH>iog)t in hum am; and (lii) the mouse 
genome jiupports targeted muto^encsb in $pc- 
ci5c geneii by homologous recombination In 
embryvnii! stem ( £S] cell^ alknving gcne» to be 
altered eflicicntty and precisely. 

The abitily to disrupt, or knock out, a spe- 
cific gene in ES cells arid mice was developed 
in the late 19808 {r«f. 7). and the use of knock- 
out mice has led to many insights into human 
biology and dti^ca»e^*^ Oirrent ledinology 
also permits inwrtion of 'reporter ' gene* into 
the knockcd-out gene» which can then be 
used to determine the temporal and spatial 



Th< Ccmpit3umivc Kntukaut Mouse 
Project C^mariium* 

^Authors €aid x/tei> affituitioHS art Uited at the 
tnd of the paper. 



expression pattern of the knocked-out gene in 
mouse tissues. 5uch marking of cells by a 
reporter gene fadiitaies the identiftcatiim of 
new cell types according to tlteit gene expres- 
sion patterns and allows further characteriza- 
tion of marked tissues and $m%U cells. 

Appreciation of the power of mouse genet* 
ICS to inform the study of mam^malian physi- 
ology and disease* coupled with the advent of 
the mouse genome sequence and the ea&e of 
producing mutated alleles, has catalyzed pub- 
lic and prhate sector initiatives to piodtice 
mouse mutants on a lat^e scale, with the goal 
of eventually knocking out a KtbstanttaJ poi- 
tion of the mouse gCTome*^**-', l^rge'^scale* 
publicly funded gcnc-ti*ap proj^ams have 
been initiated m several countriest witli she 
International Gene Trap Consortium coordi- 
nating certain efforts and resources'***'. 

Despite these dlTorts, the total number of 
knockout mice described in the Hierature U 
rclatrvdy modert, corresponding to only -10% 
of the -25,000 mouse genes. The ctuated 
Mou£c Knockout 8e Mutation Database listi; 
2,669 unique genes (C Rathbone, personal 
communicjation)t die curated Mouse Genome 
Database list( 2.&47 unique genes^ and an 
analysts at Lexicon CJenetics identified 2^492 
unique genes unpublished data). Most 
of these knockouts are not readily available to 
sdcntisu who may want to use them In their 
research: for example, only A15 unique genes 
are repre^nted as targeted mutations in the 
lackson Laboratory's Induced Mutant 
Resource daubase (S Rockwood, personal 
communicarion). 

The converts interests of multiple mem* 
bersoftlie genomics community led to a meet- 
ing to discuss the advisability and feasibility of 



a dedicated project to produce knockout sdleles 
for all mouse gcncs and place them imo the 
public domain. The meeting took place from 
30 Sqncmbcr to I October 2003 ax the 
Banbury Conference Center at G)ld Spring 
Harbor Laboratory. The attendees of the meet- 
ing are (tit authors of thts paper 

Is a systertuitic project wanranted? 

A coordinated project to sy^ematicaUy knock 
otii all inouse genes is likdy to b« of enormous 
benefit to the research community, ^ven the 
detnomirated ptjwcr ofknockout mice to dud- 
date gene fimdion. the frequency of unpre- 
dieted phenotypcs in knockout mice, the 
potential economics of scale In an organized 
and care&iily planned project, and the high cost 
and hck of availability of knockout mice being 
made in current efforts. Moreovw, im|^ment- 
ii^ such a systematic and comprehejisive plan 
will g/eady accelerate the translation of genome 
sequences into biologica! insights. Knockout ES 
ceils and mice currcnUy available from the pub- 
lic and private sectors should be incorporated 
into the genome-wide initiative as much as 
possible, although some may be need to be pro- 
duced again if they were made with subopiimal 
methods (c^t not Including a marker) or if 
their use is restricted by intellectual property or 
other oortsuaints. The advantages of such a sys- 
tematic and coordinated effort indudc efficient 
production widi reduced cosUi uniform use of 
knockout methods. allQ>wing for more compa- 
rability between knockout n«ce; and ready 
access to mice* their derivatives and data to alt 
researchers without encumbrance. Solutions to 
the logistical, organizational and informatics 
issues associated with producing, characteriz- 
ing and distributing sudr a large nutnber of 
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A 



Tior 2 phonotyping 



transcriptbme analysis' 



Tier 1 phenotyping 
Tissue expression analysis 
Knockout mice 



ES cells 



Mouse genome sequence 



H^ttrt 1 Structure of resource prgduct^ in ifirtiposfid KOMP. Uiing thft mousft £&iom« sen^uencd 
«s a foundation, laiocfcout aMe^e^ in wiril be produced f^xr »!1 genes. A subset cf £S ceH 

knocM*'t$ will be used each yea^ to produce Knockout mice, (£etermin« Ute ei^ession pattern of it^ 
tarigeted g^e in a variety of tts^ies and cvry out screening-level (Tier I) phenotyping. In a subset of 
mouse lines, transcriptome analysis and more detailed system-specific (Tt« 2} pihenotyping will be 
dofte. Finaily, specialized pliep«;otyptns will be done on a smaller number of mouse tines wi^ 
particularly interesting ph«m>^/p«s. AEI &tag8$ m\\ o^ur within tlte purvievr of the KOMP except for the 
^>eciati2ed phenolyprngr whlich will occw in individual ^atnratcri^^ with pan^cul^ar expertise. 



mice MfiJI draw fnMii the cxpencncc of rclat«l 
projects in the piivMc sector and in acodcmta^ 
which have made or phcnotypcd hundreds of 
knodiout mice using a variety of techniques. 
Lessons learned from these pTojecti include the 
need ioi rcdundamc]^ a; cad\ Mep to midgate 
pipdine botttoiccks and the need for robust 
infdrniatiat lystcms to track the productSon, 
amlysis, tttainten^nce and disfiibuiion of thou- 
i^indi of targeting constructs, ES ccUs and mice. 

NulUr0port«rallel«i« ^loiitd h« created 
The project should generate alleles that are 
as uniform as possible^ to allow efficient pro- 
duction and compansoa of mcH^sc phcno- 
types. The aUcles thould achieve a balance of 
utility, nexibility, throughput and cost. A 
ntill alldc is an Indispensable itarting point 
for itudying the function of e^wy gene. 
Inserting a reporter gene (r.g., p-£;aJactod- 
da$e or green fluorescent protein} allows a 
rapid assessment of which cell t^es nor> 
mally support the expression of that gene- 
llierefore, we propose to produce a null- 
reporter allele for each gene. Making each 
mutation condittonol in nature by adding 
CM-clcmcnts (cy., fcwd* or FRT &icci) would 



be dcsir«btc,but we do not advocate this as 
part of the mutagcn*tfsis strategy unle^is the 
tcchnc^ogjcal Hmitaitions currently as^^Ki- 
ated with gcncratin^g conditional targeted 
mutatioiu on a large scale and in a cost< 
effective manner can be overcome. 

A eon^ination of meUtods $houtd be 
Various methods can be used to cfeatc 
mutated alldcs, including gene targctingr 
gene trapping and ItNA interference. 
Advantages of conventional gene urgicting 
include fiextbility in design of alleles, lack of 
limitation to integration hot spots, reliability 
for producing complete loss-of'function aUc' 
les> ability to produce reporter knock^ins and 
conditional alleles, and ability to target splice 
variants and alternative promoters. BAG- 
based targeting has the potential advantages 
of higher recombination efficiencies and Oex- 
ibility for producing comptac mutated alle- 
les Gene trapping is rapid, is cost-cf!ieaivc 
and produces a large variety of inscrtiona! 
mutations throughout the genome but can be 
somewhat less flexibl**^'^**^'. There is uncer- 
tainty re^rding the percentage of gene traps 
that produce a true null allele and the fraction 



of the genome that can ultimately be covered 
by gcnc-trap mutations. Trapping is not 
entirely random but shows preference for 
larger transcription units and genes more 
hi^y expressed in ES cells. In recent studies, 
gene trapping was estimated to potentially 
produce null alleles for 5(M(0% of all genes, 
perhaps more if a variety of gene-trap vectots 
v^th different insertion charaaeristtcs is 
uscd"»^*. RNA interference offers enormous 
promise for analysis of gene function in 
micc^^ but is not yet sufficienlty developed for 
large-scale production of gene modifications 
capable of reliably producing true null alleles. 
Both gene-targettng and gene> trapping meth- 
od.*> are suitable for producing large numbers 
of knockout alleles, and, given their complC" 
memory advantages, a combination of theae 
methods should be used to produce the 
genoitte-wide collection of nuU^reporter alle- 
les most cffictcutly. 

What should the deliverables be? 
A genome-wide knockout mouie project 
could deliver to the research community a 
trove of valuable reagents and data, includii^ 
targeting and trapping constructs and vec- 
tors, mutant ES cell lines, live mice, frozen 
sperm, ficr^n embryos, pitenoiyptc data at a 
variety of levels and detail, and a daubaK 
with data visualisation and mining tools. At a 
mifitjnum, we believe that a comprehensive 
genome-wide resource of mutant ES cell lines 
from an inbred strain, eadi with a different 
gene knocked out:, should be prodm^ and 
niade available to the community. Choosing 
an inbred line C129/$vEvTac or C57SUM). 
ami evaluating the alternative of using F| £S 
cells and tetraploLd ag|;regaiioa to provide 
potential lime iavings, merits additional det- 
ent iiftc review and discusiton^-^, ES cells 
should be converted into mice at a rate con- 
sistent with proiect funding and the ability of 
the worldwide scientific community to ana* 
lyie them. Although the value and cwt-effec- 
tivcncss of systemaiicaUy characterizing the 
mice IS a matter of debate, a limited set of 
btoad and co«t*effectiv<: screens^ probahly 
including a&iessmcnt of developmental 
lethality, physical examination, basic bdood 
tests, and histochemicat analysis of reporter 
gene expression, would be useful. More 
detailed phenotyping, based on findings 
from the initial screen or exbting knowledge 
of the ^ne's function, could be done at spe- 
cialized centers. Ail 1:5 cell clones and mice 
(as frozen cmbr)'os or sperm) should be 
available to any researcher at minimal cost, 
and all mouse phenotyping and reporter 
expression data should be deposited into a 
public database. 
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lo <!ctcTnuning how to imj^lement the pro- 
}ect, utility ta the rcsesinch community ihould 
be the standard for jiwJging value. Each iiep 
after ES cdJ gcncfatwn it.s.» mouse creation, 
breeding, cxpx^on attaJysi*, ph^notyping) 
will make the rcyouTCC useful to more 
rcscarchm but wUl aUo mcxcasc costs and ulI" 
cntiHc compjcjctly. We therefore advocate a 
'pyTamid' structure for the project (Fig. 1). At 
tite base of the pyramid is the genome^wide 
collection of mutant ES ceLU for every fiioust 
gene. Over time, a subset of these mutJuU ES 
cells ^liuuld be made into mice and ^aracter^ 
tzed with an initial phettotype ^recn (Tier i; 
Fig. 0 and analysis of tissue reporter-genc 
expression. A subset of th&e lines should be 
profiled by microar ray anzlysis* and a subset of 
these proHtcd by sysiem-spcdfic (Tier 2) phe- 
notypiJigr hiscd on the results of the Tier 1 
phenotyping, array studies, existing knowl- 
edge of the gene's function and the gene's tissue 
expression pattern. With time, the upper tiers 
of the pyramid will be filled uut^ eventually 
Crans£cn'ming the pyramid into a cube, with 
information of aU lypts available for all genes. 

This project will require the resolution of 
numerous intellectual property claims involv* 
in$ the production and use of knockout mice. 
To deal with the (xisting patents that cover 
the technobgies and processes involved in the 
production of mutant micc» wc suggc&t diata 
'patent pool" such as that used in the semi- 
conductor industry^', should be generated. 
Scleral individuals who represent entities that 
control patents on mouse knockout technolo- 
gies are authors on thi« papcr^ and they agree 
with this approach. We also agree that any 
mutant ES cells oi inic^; produced should 
placed immedialety in the public domain. 

Mcchanisitis and costs 

ES cell produaion. Automated knockout 
coi[istruct and ES cell produaton should be 
carried out in coordinated centers to ensure 
eBictency and uniformity. We estimate that 
most known mouse genes could be knocked 
o^it in £S cells within 5 ycars» using a comblna^ 
tion of gene ^trapping and gene« targeting tech^ 
niques. Gene trapping cart produce a large 
number of mutated allctcs quickly, but its 
progress should be monttoied doseiy to deter* 
mine when its yield of new genes diminishes'^ 
and, therefore, when targeting should be 
inaeasingty relied on. A^ large-scale trapping 
projcas have already defined gene classes that 
pr<^bly cannot be knocked out hy trapping 
(e.f., single-exon CPCJU, genes that are not 
expressed in ES cctl5)v we propose that target- 
ing begin on those classes immediately, All BS 
cells should be made available to the research 
community, became this collection iucelf 



would be a valuable resource. BAbrts tn the 
public and private sectors have already 
knocked out many giencs in BS cells, and» to the 
degree that the alleles produced fit the pre- 
scribed charaacrtstics {ije., null alleles with a 
reporter) and arc available, every effort should 
be made to incoiporate the^ into the plu^nned 
public resource. Costs for generating this part 
of the resource were estimated at between 
$9-1 1 mfllion/ycar for ft^'e years (these and all 
subscttuent 6gurcf are dirca costs)^ 

Motise production. The subset of ES ceUs 
made into mice each year should be chosen by 
a peer-review process. Central facilities lor 
high-cfliciency mouse production, genotyp- 
tng, breeding, maintenance and archiving 
should be funded* to take advantage of cffi- 
dcnctes of scale in mouse creation and distri- 
bution. Researchers could apply to produce 
groups of mice outside the centers, as long as 
they meet the cost spectficationi of the pto^ 
gram. All mice should be made available 
immcdiatdy to researchers as frozen embryos 
or sperm* for nominal distribution cost. An 
initial target of 500 dew mouse lines pet year 
would double the current rate at which new 
genes are knocked out in the pdblic aecior, we 
feel that this rate is within the capacity of the 
biomedical research community w<»rldwide 
to absorb and anal)7CK We estimated the inS» 
tial cost of this lc\^«t of mouse production to 
be $ 1 2r5~ 1 5 million per year. 

Reporter tissue expression analysis. 
Approximately JO tissues from adult and 
developmental staj^cs should be sampled to 
cover the main oi'gan systems. Analysis meth- 
ods ^umld be customize to the organ s)*stcm 
and marker, aitd a searchable database uf the 
sites of gene expression, and the images shmv- 
ing them, should be produced Centers to 
carry out these analyses and data curation 
should be selected by peer review. We esti- 
mated the cost of this component for 300 
mouse lines to be $2.5-5 million per ycar« 
dependinig on how much tissue sectioni ng and 
celi-levd analysts ts done. 

Phextotyping, Tier 1 i^enotyptng should 
be a low-cost screen for clear pbcnotypes and 
should be done on all mouse lines produced. 
Tier I should include home-c^ec^sen alion* 
physical examination, blood hematolugical 
and chemistry proGJes, and s^etat radi- 
ographs. The centers producittg the mice 
should carry out the Tier 1 analyses, at an esti - 
mated cost of S2*S million per year for 500 
lines. Selected tines:, chosen on the basis of 
fmdings from Tier 1 phenotyping, tissue 
expression patterns, mtcroarray data and the 
scientific Utcrarure, should undergo more 
detailed and system-focused Tier 2 phenotyp- 
ing. Tier 2 phenotyping should be done in 



specialized phenotyping centers, akin to those 
already in c^eration for phenotyping of mice 
prod uccd by ENU mutagenesis. AO Tier 1 and 
Her 2 [phenotyping should be done on a uni-^ 
form genetic backgrotuid by dedicated groups 
of Individuals in single t<M;ations> to facilitate 
consistency and cross-comparison of results 
among different mouse lines. All Tier 1 and 
Tier 2 phcTiot>'ping results should be 
deposited into a central project database frcdy 
accessible to the research community* More 
detailed and spedatiEcd phenotyping coidd be 
done by individual researchers in their own 
laboratories; deposition of ^is more detailed 
plienortype data would be encouraged 

Trui&criptome analysis. Transcriptome 
profiling of tissues from each knockout line, 
collected in a uniform way across aH mice and 
tissues ajid placed tatc a searchable relational 
databa^ie, i\*ould add substantially to the sci- 
entific value of the project, though it would 
also add considerably to its cosL 
Ij'aiiscriptome anai^'sis ^ould therefore be 
done on a subset of mice, chosen by peer 
review. We estimate that, with the best air- 
rentiy available array technology, an analysis 
often tissues would cost IS^COO per line. 

ConcRusions 

This project, tentativdy named the Knockout 
Mouse Project (KOMP), will be a crucial step 
in harnessing the power of the genome to 
drive biomedical discovery. By creating a 
publicly available resource of knockout mice 
and phcnotypic data, KDMF will knock 
down barriers for biolo^sts to use mouse 
genetics in thdr research. The scientific con^ 
scnsus that wc achieved — that a dedicated 
project ^ould be undertaken to produce 
mutant mice for all genes and place them 
into the public domain— is important but U 
only the beginning. Implementation of these 
recommendations will require additional 
input from the greater scientific community, 
including those responsible for program* 
m&tic direction and financiat support of bio* 
medical research tn the public and private 
sectors. This ambitious and historic initiative 
must l>c carried out as a cr^laborattve ef&rt 
uf the vrarldwide scientific community, so 
that aU can contribute their skills, and all can 
benefit, fntcrnattonal discussions among sci* 
entific and programmatic staffs since the 
Banbury meeting at C^ld Spring Harbor, in 
both the pubHc: and private sectors, have 
shown that there is great enthusiasm and 
oommitmoit to (his vision. The next st^ for 
KOMP will be to move this visionary plan 
from conceptualization to implementation, 
with an urgency befitting the beneltfs it will 
bring tosdenccand medtdne* 
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Special Topic Overview 

Interpretation of Phenotype in 
Genetically Engineered Mice 



Thomas Bootschman 

Biidtgi'ound and Purpose: In fnico, genetic engineering involves two general approaches— addition of an ex- 
ogenous gene, resulting in transgemc mice, and use of knockout mice, which have a targeted mutation of an 
endogenous ffone. The advantagesi of tJNose approaches is that ijuestion^ can be asked about the function of a 
particular gene in a living mammalian organism, taking into account interactions among cells, tissues, and 
organs under normal, disease, injury, and stress situations, 

Meihmh: Review of the literature concentratini^ principally on knockout mice and questions of unexpected 
phenotype?, lack of phenotype, redundancy, and effect of genetic backj^round on phenatype will be discussed. 

Conclusion: There is little gene redundancy in mammak; knockout phenoiypes exist even if none are imme- 
diately apparent; and investigating phenotypes in colonies of mixed genetic background may reveai not only 
more phenotypes, but also may lead to better undexstanding of the molecular or cellular mechanism underly- 
ing the phenotype and to discovery of modi^er gene(s). 



One often hears the comment that genetically engineered 
mice, especially knockjoiit mice, are mt useful because they 
frequently do not yield the expected phenotypej or tliey donX 
seem tc» have any plxeaotype. These expectations are often 
based on years of work, and in some imtanccs, thousands of 
publications of mostly vitro studies. Examples of nm^- 
pected phenotypes, based largely on experience with trans* 
forming growth factor beta {T^fb) and basic fibroblast 
growth factor iFgft) knockout and transgenic roice^ will be 
presented to discuss pKissible reasons for unexpected Icnock* 
out phenotypes. The conclusiotts Vrill be that the knockout 
pheaotypes do, in fact, provide accurate information con- 
cerning genij functioaj that we should let the unexpected 
phenotypes lead us to die spedBc cell, tissue, organ culture^ 
and whole animal experiments that are relevant to the func- 
tion of the genes in question, and that the absence of phen o* 
t;ype indicates that we ha\^ not discovered where or how to 
look for a phenot>*pe. 

Before entering into hpw one should interpret unexiw^cted 
knockout phenotypes and how one should deal with lack of 
Imockout phenotypes, it is necessary to give a brief introduc- 
tion into how knockout mice are made. For detailed informa- 
tion, Uie following reviews are suggested < l-4). IVansgenic 
technolog)' has had a long history; thus, an introduction to 
that technology will not be given here. Rather, the following 
reviews are suggested (5, 6). At this juncture, it should be 
noted that, although transgenic vertebrates ranging from 
fish to bovids have been produced, knockout technology has 
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to date beeu successful only in mice^ even though emhryoni* 
stem CES) cells have been produced fmm several other spe 
cies, including liamster (7), rat (6), rabbit (9, 10), pig (U-ii^); 
bovine {14, 15), and stcbrafiah {16}. ConsequenUy, the entire 
dii^cuasien will be focused on mice. 

Knockout mice are gener?ited by the iiyection of geneti 
cally engineered or gene-tarigGted ES cells into a mouse bias 
tocyst to generate a chimeric embryo, which in turn can past 
on the engineered gene to its offspring. ES cell lines are es 
tablished from the inner cell mass of a mouse blastocyst, sc 
tlrat when injected into blastocysts, the ES cells can in cor 
porate into the inner cell mass of the recipient blastocysts 
thereby chimeriaing them. Subsequent to ti^ansfer of the chi 
merit blastocysts into uteri of pseudopregnant mice, chi 
nieric mice are bom. If the germline of a chimeric mouse ii 
coloaized by cells derived from the injected ES i^lk, the chi 
mera is termed a ''g^eimline'' chimera. Sorae of tlie offspriu^ 
of the ^erailine chimeras will then cany the engineeret 
gene in their genomes. Gene targeting in ES cells uses th< 
ES cella* DNA repair apparatus to bring about homolo^m 
recouibinatiott between an exogenous DNA fragment trans 
fected into the ES cell and its homologous region in the ge 
nome. Homologous recombination usually results ii 
replacement of the endogenous region with tlie exogenoui 
fragment, thereby altering the endogenous gene in i 
prespecifted manner. There ai'e many vai'iations on tins pro 
cedure by v/hich genes can be altered not only to ablate func 
tion, but also to make more subtle mutations (17-10), Sucl 
procedures can be used to introduce point mutation^, re 
move specific splicing products, switch isoforms, and human 
isje genes. In addition, technology has recently beei 
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developed to make conditional and inducible knockouts in 
which gene funqtion is Hhlated either in a developmentally 
specified tisfiuc(20-^) or in an inducible manner (23-26). 
Those techniques, though exciting, will not he further dis- 
cussed. 

Extensive nonredimdancy m the TGFp family: Scv-^ 
emi thousand cell culture studies on the tiiree mammalian 
transforming growth factor beta proteins {TGFfis 1, 2, and 3) 
have implicated these growth and differentiation factors in 
the function of nearly every cell type studied. Expression 
studies indicated unique and overlapping expression of the 
ttoe TCF^ (27, 28). For example, overlapping protein local- 
iitation was fmmd in all gut cpithelia, a\\ layers of the skin, all 
three ranscio t>T>es, Hdney tubules, liing bronchi, cartilage, snd 
bone (T^ble 1). T^ether with the feet that aJl three TGFj^ sig- 
nal throu^ a common TGF type-II receptor (Figure 1>, tl^esc 
data strongly suggetit considerable redundancy in function. 
Consequently, il is s^upiTsing tha t, of the >30 phenotypes of the 
th ree Tgb knockout mice tih at we have described (29-31). none 
appear to be overlapping fl\ible 2h Thdsa i-esults indicate ex- 
tenaive noniedundancy between TGFp ligands even thou^ 
tl^ere is considerable overlap in expression. Of course, these re- 
sults do not rule out possibility of some redundancy m some 
tissues. Combination of the ligand Imockouts would uncover 
such situations, and it is likely that a few will exiat^ but 30 non- 
overlapping phenoty|>es for three ligands strongly sugi^ests 
that a vast numbei' of their functions ai^e not redundant 

There are fjevei-a! possible explanations fbr how there can 
be so mucli overlap in ligand expression and yet so much 
speciik hgand function. First, TGF^s are seci-eted as laU^at 
peptides and must be activated before they can bind recep- 
tors (32-35). The mechanism by which this extracellular 
processing occurs is not well understood and may be dilfer- 
eat for each TGF^. Hence, ligand processing preaumably de- 
termines some functional speciHcity for the three TGFpii. 
Second, there is a third type of TCF^J receptor, TGF^JR3, that 
can interact with ligand and receptor types I and II before 
cytoplasmic signaling can occur, though involvement of 
TGFpll3 is not essential for scaling (36-B8). Associatton 
with type ill receptors k thought to enhance some TOF^Rl 
and 2/ltgand interactions. Upon ligand binding, the serine/ 
threonine receptor TGFpB2 tlien associates with and phos- 
phorylates tlie transmembrane serine/threonine receptor 
TGF^HI, which in turn initiates a phosphorylation-medi- 
ated signaling cascade. Hence, combinatorial receptorAigand 
interactions will also deter mine functional specificity Thirds 
signaling from TGFpRl can occur tlirough two cytoplajsmlc 
signaling proteins called S^tAD2 and 3 (39, 40) and, per- 
haps^ through a third called SMABS (41). In addition, 
SIV1AD6 and 7 can also interact with the other SMADs to in- 
hibit signaling (42-44). Hence, differential SI^IAD protein 
interactions with transcriptional machinery will probably 
also determine functional speciHcity for the tJiree TGFfi 
ligands. Finally, there may be several non-transcriptional 
signaling pathways for TCFpa. For example, we have found 
that TGFpl-deficient platelets from Tgfbl knockout mice 
have impaired platelet aggregation that cfin be restored by 
incubating isolated platelets with recombinant TGF^l (un- 
published observations). Because platelets do not have a 
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Tlid polyclonal antJijodieB used woftisjt^dfic for rts^iduea 4-19 ufTGF[il 
aud 2 and rcsfitiutis «f TGFfja. TKa «vidin^blotm sysUm was used 
for BtaioiEie. Data obtained fiom smmunehktoehcmical study of PelUii^ 
t!t Hi {2m. Hepnwl"i:&d from YVw Jouttialt^fCclS Binltm, 1991,115:1031- 
1105 by cnpyright pcrmwciua of The l^wkftfiiller University Press. 



nucleus, there must exist a signaling pathway that is 
nontranscriptional. In suaimary, given the complexities of 
ligand processing, receptor interactions, and signaling path- 
ways, it becomes clear why redundancy in TGFl, 2, and 3 
function hfis not been detected at the whole animal level, 
even though there is mnsiderable overlap in expression of 
Tgfh gene ianiily members. Consequently, if other gene faint- 
lios fimction with similar complejdty, it is likely that, in tlic 
final analysis, little functional redundancy will be found 
within gene families. 

Ttt'o striking examples of apparent ixinctional redundancy 
are worth considering. The first involves myogenic genes, 
and the second involves retinoic acid receptors. Contrary to 
early intcrpreiations, redundancy does not now appear to be 
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Figure 1 - TOFp Mgn^lir.g pathway. Tb^ TGFpi I%ands, TOFp 1 ^1 TGF$2 <j32), and TGFpa ([53), exist primarUy in a ktot fom vivo 
and are activate by meclianisms not nbar. In (general, TGF32 interacts vvttlt a TGF[5 type HI rei^ptor mni) bfifore ititeraction with 
TOFp type U (BID and TGFp type I (HI) rqqeptors; wfeensas, the TOFfil and TGF^3 M^ands can mteitict directly with type II recepcon 
The HgaTnl njfifiptor cnmplexGS ean then aissndate with severiiiJ o'^»P^^^niic mO-leeuks, fanieayl protem trarififora&e (FPT) and FKSDe 
t>i»4ing prQtem-lJ2 (FKBP-12), being two potential examplea. The a>cepttir4ignnd complex ai^ak to the nucleus through threonli:ie/ 
serine ptephmTbt^tjn nf a series of SMAD prnt^i^ms (related U) tli^ Ditt^tsphila *mdthdrs against dMp^sntapkgic'' pratein) which then 
elicit transdptionat rejfralation of extacellular matrix, cell cycle, difTcrcntiafcion and grawth factor receptor genes. The roles of the assoei ' 
nted cytopJasnnc moleculp^s WT and FKBF-32 me. n rit clear bnt are titoufht iti ifivdiv^ RAS pathway fiignaling and modulation of signal- 
ing through the SMAD proteins. 



ihe case for two of the myogmk gm\m kmm\ to be essantial 
for specification af vertebrate skeletal muscle jMyad and 
Myf5, Even though the iodividtial knockouts have muscle, 
md only th^ ^>rtjbinecl kitockout^ do not bavo mti^cle (4B), it 
is now dear that each gene functicms in the specification of 
tlistinct muscle cell lineages. Consequently, in the absence of 
one B<>urce of musd^ cells, i}xt$ othftr $ouree may compensate 
for that (4^, 47). This should be tGrmed developmental com- 
pensation, rather than gene redundancy. On the other hand, 
with respect to retliioic acid receptors, tliere \s olso good evi- 
dence for functional redundancy. Similar to the myogenic 
genes, retinoic acid receptor gene knockout mice have few 
phenotypes, wberefle the combinsed kiiockoufce have many 
phenotypes (48, 491 WheUver this turns out to he geno ro- 
iiundancy or another case of developmental compensation 
remains to be determined. 



Lack of phenotype: As is the case for TGFp, there also is 
a multitude of reports indicating that the If Of s I md 2 have 
important mles in aumeroos €ell typea and tissues. Gonse- 
qaently^ when the Fgf2 gene was knocked out by gene tat^ 
geting, it was quite surprising that then* was no obvious 
phenotype (50). Tlie animals live a long, healthy life, 

and fertility and fecundity are normal. Even the pituitary 
gland, which is the best source of FGF2, appea rs not to liav^ 
morphologic defects. Tire only evidence for any developmen- 
tal abnormalities is found in hematopoiesis (50), where 
blood platelet counts are higla. and in tlie cerebral cortex (51, 
52?, where morpbometric nnalysi£i revoak decrcajsed cell 
density, Clearly, those abnormalities are minor, compared 
with expectations. This was all the more e\ddent because our 
transgenic mioK, in which l;he human FGF2 gene was ubiq- 
uitously overexprcssed by the phospboglyceratG Idnase pro- 
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Tabic 2. Kfinflverltipping pUtfi^y]^^ <^rTgfbh a«d 3 k^^ockout tnico 
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100 
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25 
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•'Described uj rctonccg 64. 67. .... . . k-«+k 

ntjjfers to pcrcentfigP peiMitroncc ammig ommiila that survive bsrtb. 

DetaiU on tho rfrnmmmg phenfltypct can b« fpi»id m the U-Jtt and irt ref- 

nioter (,53^ had very short legs, suggesting m important role 
of FGF2 in bone de\'elopment, yet the bonea of the knockout 
animals were normaL Thiu apparent diacr^ipaiicy between 
tliq traiispnic mi knockout mke indicates that some other 
FGF signals throu^ the sama PGF receptor as does FGF2, 
and that this other FGF is the true ligand tliat is important 
in bane de\'clopment Another possibility is that there isMe- 
vclopmental compensatton" by alternative mechanisms. Itt 
other words, tlic iibs^nce of FOF2 may cause developmental 
fthnormaUtiGa during bone developinont that are then com- 
pensated for by aiuither developmental patliway This alter- 
native would not necessarily require a different FGF tn be 

involved. ^ ^ mv. i * 

Aflcr we hud made our first unalysis of the Fgf2 knockout 
mouse and did not find an obvious phenotype, it was easy to 
eicplain the ''lack of phenotype" by invoking redundancy be- 
cause there are at least 18 known F^/" genes. But in hind- 
sight, it now appears more likely that all mernhcra of this 
large'genc fauvily have specific ilmctions, ev$n though they 



signal thrmigb receptors encoded by only four receptor gene& 
{54} In Fgp! knockout mice, e^Hdcace waa not found for up- 
regulation of the two ligands most etructiirally related to 
FGF2 namely, FGFs 1 and 5 (50). Also, genetic cornbmation 
of Fgf2 and FgfS (50) did not reveal redundancy between 
these similar genes. In addition, further analysis of the 
mice rovealcd roles being played in hematopoiesis and 
vascular tone control (50) as well as in brain development 
and wound healing (51. 52). Finally, in addition to Fgf2. 
Fgfs 3--5 7, 8 also have been ablated by gene targetmg. re- 
vealing functions in proliferation of the inner cell mass 
{Fgf4) (55); gustrulaaon and cardiac, craniofacial, fore- 
brain midbrain, and cerebellar development (FgfS) (56); 
brainVnd inner ear development iFgp) (57, 58); and two 
aspects of hair development iFgfb and 7) (59, 60). lb date, 
comparison of F^f knockout phenotypes from 6 of the 18 
Fgfgenp.B has not turned up overlap except possibly vn the 
cerebellum. Ibgetlier, theae results indicate that each 
gene has important unique functions. Although a few re- 
dundant functions may oventually be found on combina- 
tion oiFgf2 with all other Fgfs except Fg0, it is clear that 
5 of the 18 Fj^f genes studied by gene targeting have been 
associated ^vith essentially unique knockout phenotypes. 

Tb simimavize» what onginaltv appeftred as "lack of pheno^ 
typo" led many of us to the premature conclusion that other 
FGFs must have functions redundant to those of FGF2. 
However, further analysis o(Fgf2 knockout mice has since 
revealt^ a wealth of unique funcdons ranging from thromb- 
ocytosis and vascular tone control (50) to bmin development 
and wound healing (51, 52). It is my expectation that further 
physiologic analysis of the Fgf2 knockout mouse will reveal 
functions in the h>T>ertrophic response to hypertension md 
responses to isdiemia/reperfusion iiyxiry and bone injmr. In 
the final analysis, it is likely that the major role^ of FGF2 
may have less to do with getting us to birth than with keep- 
ing us alive after birth, whereas several other FGFs clearly 
have developmental roles. 

Effects of genetic background on phenotypic vario- 
don: From 100 yearns of mouse genetics, it has become clear 
that genetic backgrouiid plays an important role in the sus- 
ceptibility of mice to many disorders. Therefore, the pheno- 
types of knockout mouse strains will also have genetic 
background dependencies^, as was Orst documented by the 
Magnuson and Wagner grmips (61, 62). The T^fbl knockout 
mice are an exceptional case lo point (Table 3). On a itlixfid 
(50:50) 129 x CFl background (CFl is a partially outbrecJ 
strain), abauthalf of 7fe/I>i knockout mico die from a pram- 
plantation developmental defect (63), and the other half die 
of an autoimmune-like multifocal inflammatory disease at 
about weaning age (29). If the tatTgeted Tgfbl aUele is back- 
crossed oni^ a C57BLy6 background, of all knockout 
animals die of the prGimpJantation defect<63). However, if a 
Tgfbl knockout allele is put onto a mixed 129 x NIH/Ola x 
C57BU6 background, embi70 lethahty is observed during 
yolk sac development, not during preimplantation develop- 
ment (64). With respect to the multifocal inflammatory dis- 
order of Tgfbl knockout mice, if the targeted allele is put 
onto a 129 x CFl mixed background (50:50), severe mflam- 
tnation exists only in the stomach (29); on the mixed 129 x 
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NIH/Ok X C57By6 baekgs-ound, the intestines ane morese- 
vet-eiy inflamed thau is tiiQ stomadi (65). finally on a pi-e- 
dominantly 129 background (125 x CFl; '97:3). TgfbZ 
knockout mice develop colon cancer if the inflanuutitory dis- 
order cm eliminated by other generic manipulations that 
render tiie mice immunodeficient <tinpubMshed obsei-va- 
tions). However, on a predominantly C3H background, sm- 
raunodefident Tgfbl Icnockout mice do not develop colon 
cancer (66). Tiiese results suggest that modifier genes exist 
that can signifiCBntly affect the function of TGPpi in pmm- 
piuntatJon development, yolk sac development^ bowel and 
gastric inflammation^ and colon tumor suppression, 
Progres3 toward Iocali?.ing a modifier gene for the yolk Bac 
developmental problem haa been made (67). 

Wliat is the best genetic background for knockout 
mice? Because ba^ikground-dependent phenotypic variabil- 
ity wiJi likely be found for most knockout micCt it will be use- 
ful to backcross a targ^eted allele onto several mouse 
backgroundn to make congenic strains- In tliis section, it will 
be argued that putting a targeted allele on a mixed strain 
background will also provide useful information. This is not 
to say diat ccngenic straina are not useful. Rather, the point 
to be made here is that there ako are benefits to loolung at 
mixed strain backgrounds. A^ain, our experience with Tgfb 
knockout mice will be instructive. 

Generating homozygous mutant knockout animah on a 
tnix^d gamuic bachgrowid is faster, 'flic E3 cells are nearly 
always from a 129 strain, and the blastocysts into which the 
targeted ES cells are injected are nearly always C57BL/S. 
For reasons unknown^ this is a g^iod combination for estab- 
lishing gcrmline tmn»mtssion of the injected ES cells, Th« 
resulting chimeras can tiien be crossed with any strain de- 
sired, but 129, C57BL/6» or I3lack Swiss mice are most often 
used, and CFl mice were used in the case of our Tgfbl 
knockout mice. Heterozygous ofTspring from this creasing 
will then l)e inbred 129 or Fl hybrids of 129 and one of th« 
other strains. Clearly then, the quickest route to ha\ing the 
knockout allele on m inbred strain is through 129. For the 
other strains several generations of backcrossing is re- 
quired, which can take well over a year. Unfortunately, 
strain-129 mice have law fertility and fecundity* Conse- 
quently, the number of offspring per litter is usually fewer 
than six. ^Vl though 129 x C57BL/6 hybrids are more robust^ 
upon backcrossing onto C$7BL/6, litter size decreases. '0) 
the contrao'. *l>ti Black Swiss and CFl strainH ar« robust, 
and litter size often is in excess of 12. The reason for this is 
probably because they are not truly inbred strains, but 



rather ai*e partially outbred through random breeding 
within their respective sti-ains. Therefore, one of the choices 
one has is to stay with ''pxire'' genetics at the expense of a 
lower production rale and considerable delay before genera- 
tion of experimental animals, or sacriftcG some genetic pu- 
rity to obtain a more efficient production colony Ideall^^ one 
would want to do both, but this often is too ejcpen5?ivG. 

Mixed genetic background knockout, mice often haue a 
wider mige of phenotypes, The Tgfbl knockout mice back- 
crossed onto either the 129 or C57BL/6 background 
(coiigenics) yield only embryo lethality (63, unpublished ob- 
servations). On the other hand, when the knockout allele ift 
maintained on mixed genetic backgrounds, embryo and 
adult plvenotypes are maintained. 

The Tgfb2 & Tgfh3 knockout mice provide further ex- 
amples. The Tgih2 knockout mice have more than two dozen 
congenital defect^ and die either immediately preceding or 
during birth, or within 2 h thereafter (30). Thble 2 indicates 
that most of the phenotypes are only partially penetrant. 
Though it is not documentedj, it is lilsely tliat tlve penetrance 
of some of these phenotypes would increase to nei^rly 100%, 
and some of the other phenotyx>es would disappear were we 
to put the Tgfh2 knockout allele on inbred backgrounds. 
Hence, the mixed strain background probably provided more 
information tlian would congenic strains. 

The Tgff>3 knockout mice have a cleft palate (31). One 
colony of Tgfb3 knockout mice v/as loft as a mixed back- 
ground (129 X CFl; 50:30) strain, whereas another colony 
was bjsckcrossed several generations U) tlie C57BI/6 strain. 
These two colonies had considerable expressivity differ- 
ences; the inbred colony had more se\^re clefling than did 
the mixed background colony. In the latter, expressivity of 
clefting varied mdely from ammal to animal. This variable 
expressivity v/ithin the mixed baclcgi-ound colony provided 
us with the oiiporttinity to obtain far more data on develop- 
ment of tlie cleft palate and w;35, tliercfore, more useful for 
making assumptions about the cellular and molecular 
meclianisms by which TGFfJS supports palate fusion. Hence, 
using the 'l^fbS Imockout mice, the mixed stmin background 
provided more information than did the congenic strain. 
Consequently, a wider range of penetrance and expressivity 
of phenotype is a major advantage of investigating knockout 
phenotypcs in mixed background colonics. Further^ variable 
penetrance of phenotype in a mixed background colony sug- 
gests that there are modifier genes for each phenotype that 
could be obtained by linkage studies. 
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Conclusions 

Questions have been addressed tliDt arose from die last 8 
years in which knockout mice Itavc been mv<i$fcigated to ana- 
iyze geae function at the whole animal levoL These questions 
concern genie redundan<ry, apparent* lack of phenotype m a sur- 
prising number of Imockout strains, and eifectfi of genetic back* 
gi-ound on knockout phcnotype* Using data obtained 
principally from I'gfh and F^/knockaut mice, it is ar^ed that 
tliere is probably little redundano^ In the genome a.e. , that few 
genes are dispensable far gundval of the species). Apparent 
lacli of phenotype more likely reflects our inability to ask the 
right questions, or oui"iack of toob to answer tlocni, than it does 
a true lack of function. Finally, discussion of genetic back- 
ground phenotype variability, including variable panatrance 
and oxpres^vity, was used to pfesenfesome of the advantages of 
working with mixed genetic badc^round colonieB of knockout 
mice, For all the examples given here, tliere ar^ counter ex- 
amples that must be taken seriously; consequcntlj; these aj-gu- 
ments mu&t not be takei> as absolutes. For example, if a gene in 
a pari^icular mouse strain lias rec^tly been duplicated, it wtil 
most Hkely be redundant If one is studying tissue reiecdon in 
a knockout mouse, the genetic background obviously must be 
well defined and preferably inbred. Or, if one wants to use the 
su.^nGptil>ility of a particular mouse strain w cancer to investi- 
gate the function of ilie knockout gene in progression of that 
caijcen tl«; Imoekout allele must be put on that mouse strain. 
In general, however, when setting up approadies for im^estigat- 
ing a nev; gene knockout mouse, I believe one wouM be weU 
advieed to assume that: ttiere is little gene )*edimdancy in 
mammals; tttare are knockout phenotypes even if none are im- 
mediately apparent; and investigating phenotypes in mbced 
genetic back^und colonies may not only reveal more pheno- 
types, but may lead to better tu^derstanding of the mQlecolar or 
cellular mechanism umlerlying the phenotype, and may lead to 
mo<lifier geae di^very. 
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